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 There is an increasing interest in developing rechargeabl
lithium ion batteries (LIBs) with higher energy density an
longer cycle life for applications such as portable electroni
devices and electric vehicles. Traditional electrodes in LIBs ar
often composed of active materials, binders, and conductiv
carbon additives such as carbon black and graphite. Recentl
carbon nanotubes (CNTs) have been evaluated as a promisin
material to improve the performance of electrodes, owing t
their excellent electrical and mechanical properties, one-dimen
sional structure, and large aspect ratio. [  1–3  ]  In many previou
studies of CNT composite electrodes, CNTs are incorporate
with active particles by either mechanical mixing [  4  ,  5  ]  or chem
ical bonding, [  6–14  ]  and they only serve as an electrical conducto
Binders, which are electrochemically inactive, are commonl
required to provide mechanical connections between activ
materials and conductive additives. The insulating binder
reduce the overall energy density by adding weight to the elec
trodes and lead to poor electron transfer on cycling. Thus, th
elimination of binders will be a remarkable progress for high
performance LIBs. 

 Efforts have been made to obtain binder-free CNT composit
electrodes. For example, Fe 3 O 4 -single walled carbon nanotub
(SWCNT) electrodes were fabricated by dispersing SWCNT an
FeOOH nanorods in sodium dodecyl sulfonate (SDS) solutio
followed by vacuum fi ltration and annealing process. [  15  ]  Binde
free CNT composite electrodes were also obtained by loadin
functional particles onto CNT sheets drawn from CNT arrays b
spraying, fi ltration, electrophoresis, evaporation, sol-gel metho
and so on. [  16  ,  17  ]  However, these methods require costly specifi 
equipment and multi-step operations, and cannot be used fo
mass production of CNT composite electrodes. 

 In this work, we develop an ultrasonication and co-dep
osition (USCD) technique and fabricate binder-free elec
trodes using super-aligned CNTs (SACNTs). SACNTs form 
three-dimensional conductive and fl exible structural networ
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in which active particles (such as LiCoO 2 ) can be embedded 
( Figure    1  a). The electrodes contain 95 wt% LiCoO 2  and only 
5 wt% SACNT as both conductive additive and structural 
framework (typical electrodes contain 80 wt% active material, 
10 wt% conductive additive such as Super P, and 10 wt% 
binders such as PTFE (Figure  1 b)). These binder-free LiCoO 2 -
SACNT composite cathodes exhibit high electrical conductivity, 
great fl exibility, high energy density, outstanding cycling stability 
(151.4 mA h g  − 1  at 0.1 C with retention of 98.4% after 50 cycles), 
and rate capability (137.4 mA h g  − 1  at 2 C, corresponding to 
capacity retention of 90.8% compared to 0.1 C). The advan-
tages of this work are: 1) the procedure is very simple and fast 
(10 min of ultrasonication) using mass produced SACNTs and 
commercial LiCoO 2  particles as raw materials; 2) as there is 
no binder in the cathodes, compact LIBs with less weight and 
higher energy density can be achieved; 3) with LiCoO 2  particles 
uniformly distributed in the highly conductive SACNT network, 
it is easy to achieve full utilization of the active material and to 
prevent polarization; 4) the continuous and three-dimensional 
SACNT network renders well-developed porous structures, high 
mechanical strength, and superior fl exibility of the compos-
ites. Therefore, the LiCoO 2 -SACNT composites are capable of 
enduring the volume changes of the active particles on cycling 
and thus achieving longer cycle life; 5) both the porous and 
binder-free natures of the LiCoO 2 -SACNT composites facilitate 
more effi cient electrolyte infi ltration and faster Li ion transport 
throughout the electrodes, thus enabling better rate capability.  

 SACNTs are distinguished from ordinary CNTs in terms of 
their “super-aligned” nature, large aspect ratio ( ∼ 10 4 ), clean 
surface, and as a result, strong van der Waals force among 
tubes and bundles. [  18–22  ]  Continuous and aligned sheets can 
be directly drawn from SACNT arrays and further twisted into 
yarns, [  18  ,  21,22  ]  which have been presented in various applica-
tions. [  22–28  ]  As shown in  Figure    2  a, parallel SACNTs connect 
tightly into bundles, and a continuous string can be extracted 
with a pair of tweezers due to the end-to-end joining mecha-
nism [  21  ]  of SACNTs. After being dispersed in ethanol by ultra-
sonication, SACNT bundles were entangled into a continuous 
and robust three-dimensional network, leaving the surrounding 
ethanol solution very transparent (Figure  2 b). The volume of 
the SACNT network expanded by about one hundred times, 
indicating the large porosity inside.  

 When active particles (such as LiCoO 2 ) and SACNTs were dis-
persed together in ethanol, LiCoO 2  particles were trapped and uni-
formly distributed in the porous SACNT network. As the density 
of the composite network was much higher than the solvent, the 
LiCoO 2 -SACNT composite would co-deposit to the bottom of the 
container as soon as the ultrasonication process terminated, with 
no visible particles left in the transparent supernate (Figure  2 b). 
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    Figure  1 .     Schematic of the structures of a) the binder-free LiCoO 2 -SACNT cathode and b) the classical LiCoO 2 -Super P cathode. In the binder-free 
LiCoO 2 -SACNT cathode, LiCoO 2  particles are uniformly distributed in the continuous SACNT network. Without the hinder of insulating binder, both 
electron and ion transfer are greatly improved. While for the LiCoO 2 -Super P cathode, Super P powders agglomerate heavily and are separated from 
LiCoO 2  particles by the binder (PTFE).  
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    Figure  2 .     a) SEM and transmission electron microscopy (TEM) images of SACNTs. The inset photograph shows that a CNT string was extracted out 
by a pair of tweezers. b) Different features of SACNT and CNT-1: SACNT network vs. CNT-1 suspension; LiCoO 2 -SACNT co-deposition vs. LiCoO 2 -
CNT-1 suspension; fl exible LiCoO 2 -SACNT composite vs. cracked LiCoO 2 -CNT-1 composite. c) Cross-sectional SEM image of a LiCoO 2 -1 wt% SACNT 
composite. d) Cycling (0.1 C) and e) Rate performance of the binder-free LiCoO 2 -SACNT composite cathodes.  
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bundles, the obtained LiCoO 2 -SACNT composites after remov
of ethanol and drying were highly fl exible and strong for fu
ther processes such as folding, pressing, and punching witho
cracking. The ultrasonication and co-deposition (USCD) proc
dure for making binder-free composite electrodes is very simp
and fast, which includes only 10 min of ultrasonication. It 
notable that the quality of CNTs is very essential for the USC
procedure. CNTs with smaller aspect ratios, more defects, an
weaker interaction among tubes could not form a network 
ultrasonication (as shown in Figure  2 b, CNT-1 as an examp
whose detailed features are provided in Supporting Inform
tion). When such CNTs were mixed with LiCoO 2  particles 
ultrasonication, they could not co-deposit, and the obtaine
LiCoO 2 -CNT-1 composite after evaporation of ethanol was britt
and cracked into pieces, with non-uniform distribution of CN
indicated by the uneven color on the top surface. 

 Binder-free LiCoO 2 -SACNT cathodes with 1–5 wt% SACN
were prepared by the USCD method. The cross sectional sca
ning electron microscopy (SEM) image (Figure  2 c) shows th
uniform distribution of LiCoO 2  particles in the continuou
SACNT network and the well-developed porous structure 
the composite cathode. The LiCoO 2 -SACNT composite di
played a high conductivity of 3.8  ×  10 2  S m  − 1  with only 1 wt% 
SACNTs, which is attributed to the great intrinsic conductivi
(3  ×  10 4  S m  − 1  for the SACNT fi lm [  28  ] ), large aspect ratio ( ∼ 10
and uniform distribution of SACNTs in the composite. As th
amount of SACNTs increased to 5 wt%, the conductivity of th
composite rose dramatically to 2  ×  10 3  S m  − 1 , with an improv
ment of almost one order of magnitude. All of these composi
cathodes showed high specifi c capacities (144.1–151.4 mA h g
at 0.1 C) and excellent cycling performance with capacity rete
tion more than 95% after 50 cycles (Figure  2 d and table S1
The LiCoO 2 -5 wt% SACNT composite cathode presented th
best cycling stability (151.4 mA h g  − 1  at 0.1 C with retentio
of 98.4% after 50 cycles) and rate capability (137.4 mA h g
at 2 C, corresponding to capacity retention of 90.8% compare
to 0.1 C), as shown in Figures  2 d and  2 e. To our knowledg
the LiCoO 2 -5 wt% SACNT cathode performed the best ra
capability among micrometer sized LiCoO 2  cathodes so fa
For example, carbon coated LiCoO 2  cathodes displayed a sp
cifi c capacity of only 123 mA h g  − 1  at 1 C. [  29  ]  The LiCoO 2 -5 wt
SACNT cathode even showed better rate capability (capaci
retention at higher rate compared to 0.1 C) than nanomet
sized LiCoO 2  cathodes reported in literature. LiCoO 2  nanopar
cles (300 nm), [  30  ]  thin fi lms (30 nm coated on Al nanotubes), [

and nanotubes [  32  ]  exhibited a rate capability of 82.3% at 2 
87% at 2 C, and 90.5% at 0.25 C respectively, which are inf
rior to the LiCoO 2 -5 wt% SACNT cathode (90.8% at 2 C) in th
work. 

 One reason for the excellent cycling and rate performance 
the binder-free LiCoO 2 -SACNT cathodes is the well-develope
porous structures of the composites. According to the ru
of mixture, the volume fraction of pores was estimated to b
60%, given the actual density of the LiCoO 2 -1 wt% SACNT 
1.94 g cm  − 3 , and the theoretical specifi c densities of LiCoO 2  an
SACNT at 5.1 g cm  − 3  and 1.2 g cm  − 3 , respectively. [  33  ]  The por
in the composites are favorable for electrolyte infi ltration an
accommodation with the volume changes of the cathodes o
Zhuhai C
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cycling. In addition, due to the absence of binder in the LiCoO 2 -
SACNT cathodes, the liquid electrolyte can access LiCoO 2  par-
ticles more easily, which facilitates faster Li ion transfer among 
LiCoO 2  particles and signifi cantly reduces polarization. 

 Different LiCoO 2 -carbon composites as control samples were 
prepared by mixing active particles, carbon materials (including 
CNT-1, Super P, and KS6), and 10 wt% polytetrafl uoroethylene 
(PTFE) as binder together, and then cold rolling the mixtures. 
The conductivities of these composites with 1 wt% carbon addi-
tive are shown in  Figure    3  a. Obviously, the binder-free LiCoO 2 -
SACNT composite possessed much higher conductivity (3.8  ×  
10 2  S m  − 1 ) than all the other LiCoO 2 -carbon composites (5.7  ×  
10  − 2  S m  − 1 –5.8 S m  − 1 ). Stress-strain curves of the binder-free 
LiCoO 2 -SACNT composites and the LiCoO 2 -Super P com-
posite are shown in Figure  3 b. The strength of the binder-free 
LiCoO 2 -SACNT composites increased linearly with the amount 
of SACNTs (inset of Figure  3 b), indicating the strengthening 
effect of SACNTs. The strength and Young modulus of the clas-
sical LiCoO 2 -Super P composite were much lower, with only 
3% the strength and 10% the Young modulus of the binder-free 
LiCoO 2 -SACNT composites, respectively. For the binder-free 
LiCoO 2 -SACNT composites, the strain at fracture was around 
3–3.5%, which is twice that of the LiCoO 2 -Super P composite. 
Both the high strength and high fl exibility of the binder-free 
LiCoO 2 -SACNT composites are benefi cial for enduring the 
volume changes of the cathodes on cycling and achieving better 
cycling stability.  

 LiCoO 2  cathodes mixed with Super P (more than 2 wt%) had 
comparable initial specifi c capacity with the binder-free LiCoO 2 -
SACNT composites, but their cycling stability was much worse. 
Compared to the high capacity retention of 95.6% ∼ 98.4% for the 
binder-free LiCoO 2 -SACNT composites, the capacity retention 
of LiCoO 2 -2 wt% Super P and LiCoO 2 -5 wt% Super P compos-
ites were only 49.6% and 87.3% after 50 cycles (Figure  3 c). The 
rate capability of the Super P composites was also poorer, with 
a capacity of 62.7 mA h g  − 1  at 2 C for the LiCoO 2 -5 wt% Super P 
composites (Figure  3 d), which is less than half the capacity of the 
binder-free LiCoO 2 -5 wt% SACNT composites (137.4 mA h g  − 1  
at 2 C). Even with the amount of Super P increased to 
10 wt%, the rate performance was still inferior, with a capacity 
of only 126.6 mA h g  − 1  at 2 C. The distinct performance of the 
SACNT and Super P composite cathodes is attributed to the dif-
ferent distribution of the conductive additive. Since it is diffi cult 
to obtain uniform distribution of the nanometer-sized Super P 
powders among LiCoO 2  particles, [  34  ,  35  ]  serious polarization and 
capacity loss was inevitable in classical LiCoO 2 -carbon compos-
ites. However, in the binder-free LiCoO 2 -SACNT composites, 
LiCoO 2  particles were uniformly distributed in the SACNT con-
ductive network. The direct conductive bridges formed by CNTs 
among LiCoO 2  particles would enable quick electron transfer 
and full usage of the active material, resulting in larger capacity 
and excellent cycling and rate performance. 

 As the LiCoO 2 -SACNT composites were binder free, the 
improvement in the specifi c capacity based on the total mass or 
volume of the cathode compared to the control samples should 
be even more signifi cant. The capacities of the binder-free 
LiCoO 2 -3 wt% SACNT composites were 145.7 mA h g  − 1  at 
0.1 C and 130.4 mA h g  − 1  at 2 C (based on the total mass of 
the cathode), showing remarkable improvements of 20.6% at 
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continuous and large-scale production of binder-free LiCoO 2 -
SACNT composites is possible using casting equipment. By 
controlling the process parameters, thin cathodes with a thick-
ness of about 20  μ m were successfully prepared (Figure  3 f). 

0.1 C and 28.7% at 2 C (Figure  3 e) than the classical LiCoO 2 -10 
wt% Super P composites. The specifi c volume capacities of the 
LiCoO 2 -3 wt% SACNT composite and LiCoO 2 -10 wt% Super 
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    Figure  3 .     Comparisons among the binder-free LiCoO 2 -SACNT cathodes and the classical LiCoO 2 -carbon cathodes with 10 wt% PTFE as binder. a) Log  σ  
( σ : conductivity, unit: S m  − 1 ). The amount of carbon conductive agent is 1 wt%. b) Mechanical properties of the binder-free LiCoO 2 -SACNT composites 
and the LiCoO 2 -Super P composite. c) Cycling (0.1 C) and d) Rate performance of the LiCoO 2 -Super P cathodes. e) Specifi c capacities of the binder-free 
LiCoO 2 -3 wt% SACNT cathode and the classical LiCoO 2 -10 wt% Super P cathode at different rates, based on the total mass of the cathodes. f) Thin 
(24  μ m) and free-standing LiCoO 2 -5 wt% SACNT composite can be made in a large scale.  
© 2012 WILEY-VCH VerlAdv. Mater. 2012, 24, 2294–2298

P composite were 289.9 mA h cm  − 3  and 176.6 mA h cm
respectively, revealing a signifi cant improvement of 64% in th
LiCoO 2 -3 wt% SACNT composite due to the removal of the 1
wt% inactive binder. Therefore, compact LIBs with less weig
and volume can be developed using such binder-free LiCoO
SACNT composites. 

 The USCD method described in this paper is extremely simp
and easy for mass production. Both SACNTs and commerci
LiCoO 2  can be mass-produced to meet industrial requir
ments. The co-deposited LiCoO 2 -SACNT composite is gel-lik
before drying, and can spread out on a large surface. Therefor
Zhuhai C
2297wileyonlinelibrary.comag GmbH & Co. KGaA, Weinheim

Binder-free LiMn 2 O 4 -SACNT composite cathodes have also 
been made by the USCD method, and showed good cycling sta-
bility (107 mA h g  − 1  at 0.1 C with capacity retention of 90.4% 
after 90 cycles) and rate performance (89.6 mA h g  − 1  at 2 C) 
(Figure S2). As expected, this USCD method can be used to 
prepare other functional SACNT composites as well and exten-
sive applications can be explored for SACNT composites. 

 In conclusion, binder-free LiCoO 2 -SACNT composite cathodes 
with superior properties such as high conductivity, great fl exibility, 
and outstanding cycling stability (151.4 mA h g  − 1  at 0.1 C with a 
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N retention of 98.4% over 50 cycles) and rate capability (137.4 m

h g  − 1  at 2 C) were obtained by constructing a continuous thre
dimensional SACNT framework and embedding LiCoO 2  pa
ticles inside. These binder-free LiCoO 2 -SACNT composite cat
odes perform much better than the classical composite cathod
with binder. Furthermore, the absence of binder is remarkab
for high energy density batteries. The binder-free LiCoO 2 -3 wt
SACNT composite shows an impressive 20.6% increase in sp
cifi c mass capacity and 64% increase in specifi c volume capaci
than the optimized classical LiCoO 2 -10 wt% Super P cathode wi
binder. The USCD procedure developed in this work is very fa
(10 min of ultrasonication) and easy for large-scale production.
is also possible for a wide variety of applications of SACNT com
posites depending on the selection of functional materials.  

 Experimental Section 
  Materials:  The matrix particles include LiCoO 2  (10  μ m, Reshine, Chin

and LiMn 2 O 4  (10  μ m, Reshine, China). The carbon materials inclu
CNT-1 (5–20 nm in diameter and 1–10  μ m in length, Chengdu Organ
Chemicals Ltd., China), Super-P (carbon black, 50 nm in diameter, Timc
Ltd., Switzerland) and KS6 (graphite, 5–10  μ m in planar size, Timcal Lt
Switzerland). SACNT arrays with a diameter of 20–30 nm and a heig
of 300  μ m were synthesized on 4 inch silicon wafers in a low pressu
chemical vapor deposition (LP-CVD) system with iron as the cataly
and acetylene as the precursor. Details of the synthesis procedure c
be found in previous papers. [19-21]  It is notable that the growth of SACN
arrays on silicon wafers has been successfully scaled up with wa
diameter up to 8 inch to meet the industrial requirements. [22]  

  Fabrication of binder-free composite electrodes by the USCD method:  SACN
and LiCoO 2  (or other matrix particles) were simultaneously dispersed 
an organic solvent (such as ethanol, isopropanol, acetone and so o
using an intensive ultrasonication probe (power: 300–600 W) for 10 m
As the density of the composite network is higher than the solvent, t
LiCoO 2 -SACNT composite will co-deposit to the bottom of the contain
immediately after ultrasonication. The transparent supernate was remov
and recycled. The LiCoO 2 -SACNT mixture was detached from the contain
dried at 60  ° C for 1 h, and pressed with a pressure of 100 kPa. 

  Characterization:  Coin-type (CR 2016) half-cells were assembled 
an argon-fi lled glove box (M. Braun inert gas systems Co. Ltd.) with t
composites mentioned in this paper as the positive electrode and Li me
as the negative electrode. A porous polymer fi lm (Celgard 2400, US
was used as the separator and 1 M LiPF 6  solution in ethylene carbona
(EC) and diethyl carbonate (DEC) mixed at weight ratio of 1:1 was us
as electrolyte. The cells were tested using a Land battery test syste
(Wuhan Land Electronic Co., China) with cut-off voltages of 3–4.3 V 
room temperature. Tensile tests were performed using an Instron 58
microtester with a strain rate of 1% min  − 1  and a 1 cm gauge length. T
conductivities of the composites were tested by a four-point method usi
a ResMap system. TGA tests were conducted using a Pyris 1 TGA (Perk
Elmer, USA) at a heating rate of 10  ° C min  − 1  between 50 and 800  ° C in a

 Supporting Information 
 Supporting Information is available from the Wiley Online Library 
from the author.  
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